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Abstract 

The nutrient status of algae symbiotic with marine invertebrates is controversial. We assessed 
the nitrogen status of zooxanthellae symbiotic with the sea anemone Aiptasia pallida using NH 4 + 
enhancement of dark C fixation; enhancement increases with N limitation in other microalgae. 
Freshly isolated symbionts obtained from laboratory populations of known feeding history and 
from field populations were assayed: NH 4 + enhancement depended on the nutritional history of 
the host anemones. Zooxanthellae from well-fed laboratory populations showed little enhancement 
of dark 14 C fixation by NH 4 + , while mean dark enhancement ratios (NH 4 ( rates: seawater rates) 
exceeded 2.3 for zooxanthellae from anemones unfed for 1-6 weeks. Photosynthetic rates of the 
isolated algae declined with starvation. V D ,: V L , an index which includes both dark NH 4 + enhance¬ 
ment and photosynthesis, increased markedly with time since feeding. Three of four field samples 
of A. pallida yielded zooxanthellae with dark enhancement ratios similar to those of fed laboratory 
populations; V D ,: V L values were somewhat higher. Symbionts from anemones collected on a fourth 
date had a mean enhancement ratio of 2.88, and V D ,: V L values similar to those from laboratory 
anemones that had not fed for 1-2 weeks, indicative of increased N limitation. 


Symbiotic dinoflagellates (zooxanthellae) 
are ubiquitous in oligotrophic marine en¬ 
vironments such as coral reefs which are 
characterized by low levels of dissolved nu¬ 
trients (D’Elia and Wiebe 1990). Most of 
these cells are intracellular symbionts; given 
this physical setting, the algae must obtain 
inorganic nutrients proximately from host 
cytoplasm. These nutrients are ultimately 
derived from various sources, including ex¬ 
ogenous dissolved sources (Muscatine 1980), 
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host catabolism (Szmant-Froelich and Pil- 
son 1984), and host holozoic feeding (Steen 
1986). 

We had proposed that natural popula¬ 
tions of symbiotic zooxanthellae may be nu¬ 
trient limited (Cook and D’Elia 1987). There 
is evidence that zooxanthellae in sea anem¬ 
ones (Cook et al. 1988) and reef corals (Mus¬ 
catine et al. 1989; Hoegh-Guldberg and 
Smith 1989) can be limited by N and pos¬ 
sibly other nutrient elements. Such limita¬ 
tion would appear to be counterintuitive: 
cnidarian hosts (particularly sea anemones) 
are efficient predators on zooplankton, so 
that the host cell environment ought to pro¬ 
vide a plethora of metabolites which could 
be utilized by algal symbionts. Indirect ev¬ 
idence suggests that host tissue concentra¬ 
tions of NH 4 + are low (D’Elia and Cook 
1988), although this has been questioned 
(Miller and Yellowlees 1989). As nutrient 
limitation of zooxanthellae and nutrient 
concentrations within host cells are related, 
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it is of considerable interest to determine 
the nutrient status of zooxanthellae. 

In this paper we use a dark C0 2 fixation 
technique to examine the N status of sym¬ 
biotic algae isolated from sea anemones of 
known nutritional history and from field 
populations of anemones. NH 4 + typically 
stimulates dark fixation in cells with low N 
supply (Morris et al. 1971; Yentsch et al. 
1977); the effect increases with increasing 
N deficiency (e.g. Goldman and Dennett 
1986). 

Materials and methods 

Sea anemones —Two sources of the sym¬ 
biotic sea anemone Aiptasia pallida were 
used in this study. A laboratory clone was 
used for feeding and starvation experi¬ 
ments. Unless otherwise stated, fed anem¬ 
ones were fed to excess with Artemia nauplii 
daily for a week and used the day after feed¬ 
ing. Starving anemones were taken from 
these cultures and maintained in individual 
Nunc tubes containing 20 ml of glass-fiber- 
filtered (Whatman GF/AE) low-nutrient 
surface water obtained from Station S in the 
Sargasso Sea, 12 km SE of Bermuda. This 
seawater was replaced weekly, and the tubes 
cleaned of accumulated debris. All cultures 
were kept in an incubator at 25°C under 
fluorescent illumination (12:12 L/D; irra- 
diance of 80 junol m" 2 s _1 ), and all exper¬ 
iments were conducted during the normal 
light cycle of the anemones. 

Field anemones were obtained from Wal- 
singham Pond, which is a mangrove pond 
in Bermuda. Details of nutrient levels of the 
pond are given by Muller-Parker et al. 
(1990). These anemones were collected be¬ 
tween 0900 and 1030 hours and used within 
24 h of collection. 

14 C incubations —Suspensions of zooxan¬ 
thellae were prepared by homogenizing 
anemones (~ 4-7-mm oral disc diameter) 
with a Teflon tissue grinder in 0.22-pm Mil- 
lipore-filtered Sargasso seawater (FSSW). 
The cell suspensions were washed repeat¬ 
edly with FSSW until a clear supernatant 
was obtained; final cell densities were ad¬ 
justed to 3-9 x 10 5 ml -1 for use in exper¬ 
iments. Duplicate C fixation determina¬ 
tions were performed in 20-ml glass liquid 
scintillation vials (Lewis and Smith 1983). 


Each vial received 0.5 ml of algal suspen¬ 
sion and FSSW with or without added 
NH 4 C1. Thus final cell densities ranged from 
1.5 to 4.5 x 10 5 ml~ l . The vials were given 
a 20-min preincubation period in light or 
dark before adding 1 juCi ofNaH 14 C0 3 (ICN; 
58 mCi mmol" 1 ). 

We used vials wrapped with black elec¬ 
trical tape to measure dark C fixation. Cell 
suspensions in these vials were incubated in 
FSSW±NH 4 C1 (final concn: 20 or 50 /xM). 
Control vials did not contain added NH 4 + . 
14 C was added to dark vials under subdued 
illumination to minimize photosynthetic 
incorporation. Incubations with isotope 
were at room temperature (26°-28°C) for 
periods of up to 4 h. The time-course of 
dark C fixation was followed with bulk iso¬ 
lations of zooxanthellae from 5 to 6 anem¬ 
ones of similar nutritional history or from 
a single field collection. Subsequently we 
measured dark C fixation by zooxanthellae 
in 4-h incubations. Generally these were ob¬ 
tained from single anemones except when 
unfed sea anemones lacked sufficient algae; 
in such cases we combined symbionts from 
2 to 3 anemones. 

Incubations were ended by adding 0.3 ml 
of 6 N HC1, and unincorporated 14 C0 2 was 
evolved on a shaking table in a hood for 
20-30 min. Preliminary experiments 
showed that all volatile 14 C was removed 
within this time. The samples were then 
neutralized with an equal volume of 6 N 
NaOH, the tape was removed, and 10 ml 
of scintillation fluid (Eco-lume; ICN) were 
added. All samples were counted with a 
Packard Tri-Carb scintillation counter with 
automatic quench correction. 

Duplicate vials of each algal suspension 
were incubated with 14 C in the light. These 
vials, containing 0.5 ml each of algal sus¬ 
pension and FSSW, were placed on a clear 
Plexiglas light box. The box was equipped 
with four 40-W “cool-white” fluorescent 
lamps producing a saturating irradiance of 
450 Mmol m -2 s" 1 measured with a 2w co- 
sine-corrected sensor. Cooling fans main¬ 
tained incubation temperatures of 26°-28°C. 
Following the 20-min preincubation period, 
the vials were incubated with 1 /xCi of 
NaH l4 C0 3 for 30-40 min, then acidified and 
treated as above. 

Each experiment included a Formalin vial 
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to correct for any nonvolatile 14 C in the stock 
isotope solutions. Formalin vials contained 
0.5 ml of cell suspension and 0.5 ml of 20% 
Formalin in FSSW, bulfered with saturated 
sodium borate. These vials were incubated 
and acidified with the light vials. These re¬ 
sidual 14 C counts were used as background 
and subtracted from all other vials in a given 
experiment. 

Specific activities were calculated from 50- 
p\ samples of total radioactivity taken from 
the light and Formalin vials. The mean val¬ 
ue of these samples was used for the specific 
activity for all dark vials in a given exper¬ 
iment. Values of 14 C dpm were converted 
to g C fixed with a standard value for the 
inorganic C content of surface Sargasso sea¬ 
water (0.024 g liter -1 ). 

Data analysis —The effects of NH 4 + en¬ 
richment on dark C fixation were expressed 
either as C fixation rates over the period of 
incubation (g C cell -1 h -1 ) or as dark en¬ 
hancement ratios. The latter were expressed 
either as the ratio of NH 4 + -enhanced rates 
to control rates, or as the ratio V D .: V L , where 
V D . = (dark NH 4 + rate — dark FSSW rate), 
and V L is the rate of light C fixation in FSSW 
(Goldman and Dennett 1986). 

Time-course data were analyzed by least- 
squares linear regression (rates) or by paired 
/-tests comparing the amount of C fixed at 
each time point. Rates were determined 
from the slopes of plots of dark C fixation 
vs. time and compared by fitting confidence 
intervals to the slopes. The mean value of 
duplicate vials was used for these analyses. 
Comparisons of control and NH 4 + C fixa¬ 
tion rates in 4-h experiments (individual 
anemones) were made by paired /-tests, 
matching control and experimental vials 
containing aliquots of the same algal sus¬ 
pension. Multiple comparisons of groups 
were performed with the Tukey-Kramer 
posthoc ANOVA procedure: all such data 
satisfied Bartlett’s test for homogeneity of 
variances. 

Results 

Time-course ofNHfi enhancement of dark 
C fixation —Dark uptake of inorganic C by 
zooxanthellae isolated from pooled individ¬ 
uals of A. pallida was generally linear for at 
least 4 h (r > 0.92; Fig. la-e). Cell densities 
in these experiments ranged from 3.5 to 4.1 


x 10 5 ml -1 . Other experiments (not shown) 
indicated decreasing rates after 90-120 min; 
these generally occurred when cell densities 
exceeded 4.5 x 10 5 ml -1 . In subsequent ex¬ 
periments we routinely used 4-h incuba¬ 
tions to maximize differences between con¬ 
trol (without added NH 4 + ) and NH 4 + rates 
and used cell densities <4.5 x 10 5 ml -1 . 

The effect of NH 4 + on dark C fixation in 
time-course experiments depended on the 
nutritional history of the host anemones. 
We used two groups of fed anemones in 
these experiments. One group (well fed) was 
fed for 5 d with saturating meals of brine 
shimp larvae, as indicated by the presence 
of uningested shimp and large boluses of 
egested shimp on the following morning. 
The second group (lightly fed) received di¬ 
lute suspensions of brine shimp larvae daily 
for 4 d. These anemones ingested virtually 
all of the shimp that were presented and 
produced only a few small food boluses. 
Control rates of C uptake by symbionts from 
well-fed A. pallida were not significantly dif¬ 
ferent from those with either 20 or 50 pM 
NH 4 + (Fig. la, b; P > 0.05). However, the 
amounts of C fixed in the dark by these algae 
was slightly but significantly increased by 
the addition of both 20 pM and 50 pM NH 4 + 
(Table 1; paired /-tests of all points in Fig. 
la, b). 

The effect of NH 4 + addition on dark C 
fixation was more pronounced with sym¬ 
bionts isolated from the lightly fed anem¬ 
ones (Fig. lc, d). The overall rates of dark 
C fixation were increased by 52% (20 
NH 4 + ). The mean amounts of C fixed in¬ 
creased more than fivefold in symbionts 
isolated from these anemones (Table 1; P 
< 0.001 for both 20 and 50 jiM). 

The NH 4 + effect was greater in symbionts 
isolated from anemones that had not been 
fed for 30 d (Fig. le). A 50 pM NH 4 + spike 
increased the rate of C fixation over the 4-h 
time period by 171% compared to the con¬ 
trol rate (P < 0.01; slope comparison). Fig¬ 
ure le suggests that control cells from starved 
anemones fixed more C than control cells 
from fed anemones. As no such effect was 
seen in subsequent experiments on the ef¬ 
fects of starvation (Fig. 2), this is probably 
an anomaly of this particular experiment. 

Figure 1 suggested that the effects of NH 4 + 
were usually not dose-dependent. Both 20 
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Fig. 1. Time-course of dark C fixation by zooxanthellae isolated from laboratory populations of Aiptasia 
pallida. Each point is the mean of duplicate measurements on the same cell suspension. Symbionts were obtained 
from pooled samples of 6-10 anemones. Least-squares linear regression lines are shown for each plot. 
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Table 1. Summary of Mest comparisons of time-course data in Figs. 1 and 3. The differences in C fixed per 
cell (NH 4 1 — control) were compared at each time point for each group of sea anemones. The mean values (fg 
C cell' 1 ) for all differences are given, ± 1 SD. (N = 1 for all cases; ND—not determined.) 





Mean difference 


Source 

20 mm nh; 

50 yuM NH/ 


Well fed 

0.35±0.30x 10~ 14 
(0.05 > P > 0.02) 

0.47+0.49 xlO" 14 
(0.05 > P > 0.04) 


Lightly fed 

2.16±0.89xl0' 14 
(P < 0.001) 

2.55±1.21 x 10~ 14 

C P < 0.001) 


Starved for 30 d 

ND 

3.40±2.83xl0- 14 
(0.05 > P > 0.02) 


Field 

0.44±0.66xl0' 14 
(P > 0.05, ns) 

0.53±0.37xl0-' 4 
(0.01 > P > 0.001) 


and 50 juM NH 4 + tended to have similar 
effects, and 20 p M NH 4 + was used in the 
following studies. 

Effect of host starvation on NH 4 + enhance - 
ment of dark C fixation by sea anemone 
symbionts— The data in Fig. 1 indicate that 
NH 4 + enhancement of dark C fixation by 
zooxanthellae increased when sea anemo¬ 
nes were not fed. To further investigate this, 
we isolated zooxanthellae from individuals 
of known feeding history and measured dark 
C fixation after 4-h incubations. 

Figure 2a shows that food deprivation of 
A. pallida resulted in NH 4 + enhancement of 
dark C fixation by isolated symbionts. In 
these experiments, 20 NH 4 + did not sig¬ 
nificantly increase dark C fixation by zoo¬ 
xanthellae isolated from well-fed anemones 
(paired t,P> 0.05). The mean ratio of NH 4 + - 
enhanced to control dark fixation rates was 
1.31 for these algae (Table 2). Zooxanthellae 
from anemones that were not fed for 1-6 
weeks all showed significant dark enhance¬ 
ment by NH 4 + in 4-h incubations (P < 
0.001). NH 4 + enhancement was similar for 
the various starvation periods; mean values 
for NH 4 f : control ratios of unfed anemones 
ranged from 2.33 to 3.24 (Table 2). There 
were no differences between any of the con¬ 
trol groups in Fig. 2a (Tukey-Kramer test; 
P > 0.05): starvation had no effect on the 
rate of dark C fixation in filtered seawater 
without added NH 4 + . 

C fixation rates in the light without added 
NH 4 + were also affected by the time since 
last feeding. Photosynthetic rates of sym¬ 
bionts isolated from anemones starved for 


3 and 6 weeks were significantly lower than 
those from fed anemones and those starved 
for 1 week (Fig. 2b). Symbionts from the 
latter two groups had comparable rates of 
photosynthesis (Tukey multiple-range com¬ 
parison; P > 0.05). The reduction in pho¬ 
tosynthetic rates of algae from starving 
anemones may have resulted from de¬ 
creased Chi a content (Cook et al. 1988), 
although we did not measure pigment con¬ 
tent of these samples. Dark seawater rates 
ranged from 0.32 (fed anemones) to 0.68% 
(anemones starved for 6 weeks) of light rates. 
The V D .: V L ratio ( see methods) combines 
both photosynthetic effects and NH 4 + en¬ 
hancement of dark fixation. This ratio in¬ 
creased with the length of time that anem¬ 
ones were not fed (Fig. 2c; Table 2) and 
seems to be a better indicator of the effects 
of starvation than the enhancement ratio 
(Table 2). 

Dark C fixation by zooxanthellae from 
field populations of A. pallida—Figure 3 
shows the effect of NH 4 + addition on the 
time-course of dark C fixation by zooxan¬ 
thellae from anemones obtained from Wal- 
singham Pond, Bermuda, on 11 December 
1990. The absolute rates and the effects of 
NH 4 + are similar to those of the well-fed 
laboratory populations in Fig. la. The mean 
rates in these experiments were not affected 
by addition of either 20 or 50 pM NH 4 + (P 
> 0.05). Although 20 a*M NH 4 + did not 
affect the amount of C fixed (P > 0.05) over 
the experiment, 50 NH 4 + produced a 
slight increase (Table 1). 

We sampled individual anemones from 
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(Fed) 1 2 3 4 5 6 7 




Weeks since feeding 

Fig. 2. Effect of host feeding on NH 4 + enhancement 
and photosynthesis by zooxanthellae isolated from 
Aiptasia pallida, [a.] Dark C fixation rates of zooxan¬ 
thellae assayed after 4-h incubations. Each point is the 
mean of values obtained from five or six individual 
anemones; means of duplicate determinations for each 
treatment used for calculations. Error bars are standard 
deviations. Statistical significance between controls and 
NH 4 4 groups was determined by paired /-tests of cell 
suspensions from each anemone. ***—P <0.001. [b.] 
Photosynthetic rates of zooxanthellae isolated from the 
anemones in panel a, determined in 30-min experi¬ 
ments. Significance levels refer to the differences be¬ 
tween symbionts from fed anemones and from the 
starved groups (Tukey multiple-comparison ANOVA). 
**__/> <0.01. [c.] V D .: V L calculations of the data in 
panels a and b. V D .: V L — (NH 4 dark — FSSW dark )/ 
FSSW hgh , 


Walsingham Pond on four occasions in 1989 
and 1990. Zooxanthellae from three of those 
collections had slight but significant en¬ 
hancement responses of dark C fixation to 
20 mM NHf (Fig. 4a). NH/: FSSW ratios 
for these collections were similar to those 
obtained from zooxanthellae of well-fed 
laboratory anemones, ranging from 1.30 to 
1.43 (Table 2). Zooxanthellae used for the 
field time-course study (Fig. 3) showed a 
similar low level of enhancement. However, 
zooxanthellae from anemones obtained in 
a fourth collection, taken in June 1990, had 
much greater response to added NH 4 + (P < 
0.001); the mean NH 4 + : control ratio was 
2.88 (Fig. 4a; Table 2). Symbionts from all 
of the anemones sampled on this date 
showed a pronounced enhancement effect 
(NH 4 + : control > 1.7) as compared to our 
other field samples. 

Vjy : V L ratios for these field populations 
are shown in Fig. 4b. V D .: V L values for field 
anemones other than those collected in June 
1990 were about twice those of anemones 
fed daily in the laboratory (Fig. 2c; Table 
2). V D .: V L values for zooxanthellae from 
the June 1990 collection were at least five 
times higher than the other field samples 
and intermediate between those of labora¬ 
tory anemones starved for 1 and 3 weeks 
(Table 2). 

Discussion 

The use of NH 4 + enhancement of dark C 
fixation to assess the N status of zooxan¬ 
thellae— NH 4 + enhancement of dark C fix¬ 
ation has been widely used as an indicator 
of the N status of phytoplankton (Morris et 
al. 1971; Yentsch et al. 1977; Goldman and 
Dennett 1986). Dark enhancement ratios 
increase with N deprivation, although the 
V D <: V L ratio is generally a more sensitive 
indicator of N status (Goldman and Den¬ 
nett 1986). The effect results from the car- 
boxylation of pyruvate to provide organic 
acids for the Krebs’ cycle (Syrett 1956). In 
N-deficient cells, adding NH 4 + stimulates 
amino acid synthesis; increased C0 2 con¬ 
densation is needed to replace the acids that 
are used. 

The technique appears to be a useful and 
sensitive method to assess the N status of 
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Table 2. Summary of NH 4 h enhancement (NH + : 
control) and V D ,: V L ratios for the 4-h incubations shown 
in Figs. 2 and 4. 



Enhancement 

V D .: V L 

N 


Laboratory 

anemones 


Feeding history 

Well fed 

1.33+0.36 

0.78±1.2xl0- 3 

6 

Unfed 1 

week 

2.35+0.14 

5.8±0.69x 10 -3 

6 

Unfed 3 

weeks 

2.40+0.29 

10.1±2.05 x 10 -3 

6 

Unfed 6 

weeks 

3.24+0.83 15.4+5.08x10 3 

Field anemones 

5 

Date collected 

10 Oct 89 

1.30+0.23 

1.09±0.46 x 10 -3 

6 

12 Dec 89 

1.41+0.40 

1.42+0.58 xlO- 3 

6 

25 Jun 90 

2.88+0.86 

7.85±2.07x 10 3 

6 

13 Dec 90 

1.43+0.19 

1.66±0.58x 10~ 3 

6 


zooxanthellae. Flynn (1990) reviewed the 
efficacy of this approach. The enhancement 
effects vary with algal species, and the tech¬ 
nique is sensitive to incubation period and 
cell density. Our experiments are free of such 
considerations, because uptake at the cell 
densities used (<4.1 x 10 5 ml -1 ) was linear 
for at least 4 h. Laboratory and field pop¬ 
ulations of the same host species probably 
are unialgal populations. Other factors that 
might cause problems include contamina¬ 
tion of [ 14 C]bicarbonate stocks with nonacid 
volatile radioactivity and the possible loss 
of volatile organic acids containing 14 C, 
which would produce an underestimate of 
the amount of dark C fixation. As the het- 
erotrophic synthesis of organic acids would 
be greatest in N-deficient cells that receive 
an NH 4 + spike (Syrett 1956), this error 
should yield underestimates of enhance¬ 
ment in zooxanthellae from relatively 
N-poor hosts. 

Host feeding and N status of zooxanthel¬ 
lae from A. pallida—Our results show that 
the NH 4 + enhancement of dark C fixation 
by zooxanthellae symbiotic with A. pallida 
depends on host feeding history. Dark en¬ 
hancement ratios (+NH 4 : —NH 4 ) increase 
with the time that hosts are not fed in the 
laboratory; mean values for symbionts from 
anemones that had not fed for at least a 
week exceeded 2. Yentsch et al. (1977) had 



Time (minutes) 



Fig. 3. Time-course of dark C fixation by zooxan¬ 
thellae isolated from field populations of Aiptasia pal¬ 
lida. The anemones were collected on 11 December 
1990. Symbionts were pooled from 6 anemones; lin¬ 
ear regressions are shown. 


proposed this value as indicative of N lim¬ 
itation. Others have found that dark en¬ 
hancement ratios show an “all-or-none” ef¬ 
fect (Flynn 1990), and to some extent this 
is seen in our data (Table 2). As in other 
studies, the V D ,: V L ratio seems to be a more 
sensitive indicator of N sufficiency; it shows 
a more consistent increase with the length 
of time when hosts are not fed. The time- 
course experiments with lightly fed anem¬ 
ones indicate that the amount of food in¬ 
gested is also important and that both the 
frequency of feeding and the amount of food 
ingested by a host affect the results of star¬ 
vation experiments. Szmant-Froelich and 
Pilson (1984) showed that the frequency of 
feeding affected NH 4 + excretion rates in the 
temperate coral Astrangia danae . Clearly the 
nutritional status of zooxanthellae in our 
anemones—and probably other cnidarian 
hosts—is dependent on host feeding: food 
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Fig. 4. Effect of 20 /uM NH 4 f addition on dark C 
fixation by zooxanthellae isolated from Aiptasiapallida 
collected on four dates from Walsingham Pond (4-h 
incubations); statistical comparisons by paired Mests 
between treatment groups of algae from individual 
anemones (see Fig. 2.). Each value is the mean from 
6 anemones. *—P < 0.05; ***~p <0.001. [a.] Dark 
C fixation rates, [b.] V D ,: V L ratios calculated from these 
data and light fixation rates (not shown). 


ingested by the host represents a significant 
source of inorganic nutrients for the algae. 

The enhancement of dark C fixation by 
NH 4 + in zooxanthellae from unfed A. pal¬ 
lida is consistent with our previous work 
with these anemones. Cessation of feeding 
induces nutrient deficiency in the algae, as 
shown by decreased growth rate, increased 
C: N ratios of symbionts, decreased Chi a 
content (Cook et al. 1988), and changes in 
nutrient fluxes. Fluxes of NH 4 + /methyl- 
amine (D’Elia and Cook 1988; Muller-Par- 
ker et al. 1988) and P0 4 (Muller-Parker et 
al. 1990) into intact symbiotic anemones 
increase with time since the last meal in¬ 
gested. Such fluxes presumably reflect 
changes in the nutrient environment of the 
host cell habitat, with increasing uptake rates 
indicative of declining host cell concentra¬ 
tions. It is interesting that many of these 


effects, including dark enhancement, are 
greatest during the first 1-2 weeks after feed¬ 
ing stops, presumably due both to more rap¬ 
id utilization of host reserves during this 
period and to the continual decline in the 
symbiont populations of these anemones 
(Cook et al. 1988), so that the total demand 
on host resources diminishes with time. 

Nutrient status ofzooxanthellae from field 
populations of A. pallida—Dark C fixation 
by zooxanthellae from field populations of 
A. pallida in Walsingham Pond indicated 
that these zooxanthellae are usually quite 
nutrient sufficient. The time-course data and 
dark enhancement ratios of symbionts from 
the October and December collections were 
similar to those of algae from well-fed hosts 
in the laboratory, although V D ,: V L data sug¬ 
gest that the field populations are slightly 
more N deficient. Analyses of P0 4 fluxes 
(Muller-Parker et al. 1990) support these 
observations. Walsingham Pond is an en¬ 
closed mangrove pond that receives a sig¬ 
nificant input of N and P from mangrove 
detritus and groundwater. Dissolved nutri¬ 
ent levels are generally higher than those of 
typical reef and other inshore environments 
in Bermuda (Muller-Parker et al. 1990). 
Zooplankton concentrations are generally 
higher than elsewhere in Bermuda and in¬ 
clude a population of mysids that can be 
abundant at times (C. B. Cook pers. obs.). 
Thus, through most of the year there should 
be a ready source of particulate food for the 
anemones and nutrient sources for the al¬ 
gae. 

However, our June sampling produced 
anemones containing zooxanthellae with 
apparently severe nutrient limitation. This 
observation suggests seasonal variation in 
the nutrient status, and presumably nutrient 
supply, of these algae. There may be tran¬ 
sient declines in food or nutrient availability 
that could account for the N-deficient sam¬ 
ples that were found. Such variation in 
plankton availability might account for the 
variation in dark enhancement patterns in 
zooxanthellae from these anemones (Fig. 4). 

In conclusion, the NH 4 + enhancement 
technique is a useful approach to assess the 
N status of both laboratory and field pop¬ 
ulations of symbiotic dinoflagellates. It has 
the same utility for these algae as with other 
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microalgae and yields comparable results. 
As in previous studies, the physiology of 
freshly isolated symbionts appears to reflect 
the nutritional status of intact symbioses 
(D’Elia et al. 1983; D’Elia and Cook 1988; 
Muller-Parker et al. 1988). 
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